ABSTRACT We deployed pop-up archival transmitting tags on 15 loggerhead sea turtles (Caretta caretta) that had been lightly hooked in the United States pelagic longline fishery and on 10 loggerheads that we dip-netted off the surface to serve as controls in the North Atlantic Ocean. We received data from tags of 10 lightly hooked turtles and 7 control turtles. We used data transmitted by the tags in a known-fate model to estimate annual survival rates and determine if there were differences in survival between the 2 groups. The best model indicates there is no difference in survival between the lightly hooked and control turtles, and the estimated annual survival rate was 0.814 (95% CI ¼ 0.557-0.939). Our results suggest that when all fishing gear is removed lightly hooked turtles may not suffer any additional mortality relative to control turtles.
Sea turtles are long-lived species that spend virtually their entire lives at sea. Given the difficulty of obtaining and sampling all life stages of these species, population models are often employed to provide insight into the status of the species (Heppell et al. 2003 , Dutton et al. 2005 , Heppell et al. 2005 . Loggerhead sea turtles (Caretta caretta) have been the subject of numerous modeling efforts (Crouse et al. 1987 , Crowder et al. 1994 , National Marine Fisheries Service 2001 , Chaloupka 2003 , Heppell et al. 2003 , but all these efforts lacked an empirical estimate of survival in the pelagic oceanic stage and were compelled to use an inferred value.
Overall survival in the pelagic oceanic stage is a function of both natural and fishing mortality rates. The major source of fishing mortality in the open ocean is the pelagic longline fishery, which is known to unintentionally capture large numbers of sea turtles (Lewison et al. 2004 ) and has been implicated in the decline of some populations (Hays et al. 2003) .
Although the number of longline fishery interactions have been estimated (Lewison et al. 2004) , most loggerheads are released alive and the posthooking mortality associated with the interactions is not known. Thus, there is a need for estimates of total survival and of any reduction in survival related to fishery interactions. Despite the lack of direct estimation of survival rates, decisions on the management of the United States pelagic longline fishery relative to its impact on loggerheads have been made (Federal Register 2004) and suggestions of the varying levels of increased mortality due to hook location and gear removal were created (Ryder et al. 2006) .
There have been a few studies that assessed survival of oceanic sea turtles or the impact of longline interactions on sea turtles. Bjorndal et al. (2003) used a catch curve analysis to estimate pelagic survival for loggerhead turtles. Chaloupka et al. (2004) compared differences in survival for 40 loggerheads that had either swallowed hooks (hooked in esophagus or stomach) or were lightly hooked (hooked in mouth or externally or entangled) and found no difference after 90 days. Swimmer et al. (2006) compared the behavior of longline-caught and dip-netted control olive ridley (Lepidochelys olivacea; n ¼ 11) and green turtles (Chelonia mydas; n ¼ 1) for up to 115 days and found no differences in behavior or length of deployment between the treatment and control turtles.
As demonstrated by Chaloupka et al. (2004) and Swimmer et al. (2006) , satellite tags are useful to assess survival and the impact of fishery interaction but these data do present some challenges for such analyses. For example, determining the fate of an animal from transmitted data is problematic, as is the interpretation of transmission failure. Nonetheless, it is likely to be the best and only way to estimate survival in situ of sea turtles in the open ocean. Studies using conventional satellite tags, such as Chaloupka et al. (2004) and Hays et al. (2003) , are limited to modeling time to transmission failure, rather than survival rates, because turtle mortality and failure rates are confounded.
To have exact knowledge of the fate of an individual and the reason for tag failure, the particular individual would need to be retrieved. However, this is not practical in the open ocean. Pop-up archival transmitting tags (PAT) are an alternative to conventional satellite tags and are well-suited to survival studies of open-ocean animals (Domeier et al. 2003, Horodysky and Graves 2005) . The PAT tags are programmed to release themselves from the animal after a planned duration and then to transmit the data. The buoyancy of the PAT tags, transmission of depth data, temperature data, and the ability to transmit when prematurely released can provide greater insight into the fate of an individual than can conventional satellite tags. In contrast to conventional satellite tags, which are used to assess time to failure, PAT tags are used to assess time to a specific event (i.e., pop-up).
Two distinct advantages of the PAT tags are 1) the programmed premature release of a PAT tag after remaining at a constant depth indicates whether the turtle has been submerged without surfacing to breathe or is floating for an extraordinary amount of time at the surface (neither are normal behaviors), and 2) the transmitted dive data allow for the observation of dive behaviors indicative of a compromised individual. Data from PAT tags can provide insight into the fate of a turtle with 3 possible outcomes: 1) survival of the entire duration of the planned deployment, 2) presumed death (e.g., remained at a constant depth for the programmed premature release period, went below 1,500 m, or exhibited dive behavior indicative of a compromised individual that gradually reduces diving over several days until the turtle is only floating at the surface), or 3) inconclusive fate (e.g., the turtle appeared to be diving normally but the tag became detached or popped-up for an unknown reason). Even in the case where fate cannot be determined, useful information that the turtle was alive until a known date is acquired. In order to assess pelagic survival of loggerhead turtles in the open ocean and the effect of fisheries interactions on survival, we initiated a study to deploy PAT tags on loggerheads in the North Atlantic to determine whether survival was different between turtles that had interacted with the fishery and turtles that were captured independent of the fishery.
STUDY AREA
We captured loggerheads in the north-central North Atlantic during experiments to evaluate ways to reduce sea turtle bycatch in pelagic longline fisheries (Bolten et al. 2004 , Watson et al. 2005 . Turtles were captured off the Grand Banks (an area of underwater plateaus southeast of Newfoundland) and to the east of the Azores, in waters typically .600 m. These areas are highly productive due to the interactions between the warm Gulf Stream and the cold Labrador Current.
METHODS
We trained observers to deploy 39 PAT tags (Wildlife Computers, Inc., Redmond, WA) on loggerheads that had either interacted with the pelagic longline fishery (hooked or entangled) or had been directly captured using a dip-net during the late summer and early autumn in 2001, 2002, and 2003 . These PAT tags, comprising Versions 2, 3, and 4 (Table 1) , transmitted time-at-depth and time-at-temperature histograms, depth-temperature profiles, and lightlevel curves. We measured turtles with calipers (nearest 0.1 cm) from the nuchal notch to the notch between the 2 postcentral scutes to obtain minimum straight carapace length.
The observers secured PAT tags to turtles via a 10-cm tether attached to an eyestrap, which we secured to bones underlying the postcentral scutes with 2 bolts (Epperly et al., in press b). They deployed PAT tags on 15 turtles lightly hooked and on 10 turtles that we captured with dip nets to serve as controls. In addition, they deployed 10 PAT tags on turtles that had swallowed the hook (hooked in the esophagus or stomach) and 4 tags on turtles entangled but not hooked in longline gear, but we did not include these 14 individuals in these analyses due to high transmission failure and small sample sizes. Observers removed all hooks and line from turtles with the exception of swallowed hooks, which we left in place after removing as much line as possible. We programmed PAT tags to prematurely release if the tag remained at a constant depth (62 m with no outliers) for 4 days (PAT tag Version 2) or for 8 days (PAT tag Version 3 and 4). In addition, to avoid reaching a crush depth, a device (RD-1500; Wildlife Computers, Inc., Redmond, WA) would sever the tether if the tag descended below 1,500 m. Loggerheads are not known to dive to depths of 1,500 m (Polovina et al. 2004 ) and depth below that would imply a dead turtle descending to the bottom. Transmission began after the tag ascended and remained at the surface for the specified number of days (4 d or 8 d).
Statistical Analyses
We tested differences in carapace length and time spent at the surface between the treatment and control groups using a t-test in Microsoft Excel (Microsoft, Redmond, WA). As the longest planned and realized deployment was 12 months and annual survival was the parameter of interest, we created a 12-month capture history that accounted for the fate of the individual during each month for which we had data. In a given month, individuals could have survived, died, or had an unknown fate. For realized deployments ,12 months (e.g., premature releases or data was transmitted for a shorter programmed deployment) data were right-censored. We created 2 sets of capture histories, one by year captured (2001, 2002, or 2003) to determine if survival varied among years, and the other by impact category (control or lightly hooked). We did not create a combined treatment by year history because we tagged all controls in 2004 and sample sizes were small for the lightly hooked turtles in 2003 and 2004 (Table 1) . We used capture histories to estimate monthly and annual survival with the known-fate model from program MARK (White and Burnham 1999) . We ran 4 models for both the year and impact category capture histories in MARK: 1) survival by treatment group and time period, S(g 3 t); 2) survival by treatment group and constant across time, S(g); 3) survival by time period and no treatment groups S(t); and 4) survival constant for time and no treatment groups, S(.). We used Akaike's Information Criterion adjusted for small sample sizes (AIC c ) to rank the models and determine which model was best for the data, with lower AIC c values and higher AIC c weights indicating a more appropriate model (Hurvich and Tsai 1989; Anderson 1992, 1998) .
RESULTS
Of the 10 PAT tags on control turtles, 2 tags failed to transmit, 1 turtle died (based on dive behavior), 1 tag released prematurely with the fate unknown, and 6 tags remained attached for their programmed deployments (Table 1) . For the lightly hooked turtles, 2 tags failed to transmit, 2 turtles died (one based on dive behavior and one remained at a constant depth for 4 d), 3 tags released prematurely with the fate unknown, and 8 turtles survived for their programmed deployments (Table 1) For the models comparing control versus lightly hooked turtles (Table 2) , survival did not vary between the 2 groups with the constant survival model being the best (S(.); AIC c ¼ 32.437). The model for survival by group was the secondranked model (S(g); AIC c ¼ 34.378) but the constant survival model was 2.6 times more likely than survival varying between control and lightly hooked turtles ( Table  2 ). The estimate of monthly survival for the constant survival model was 0.98 (95% CI ¼ 0.95-0.99) and annual survival was estimated to be 0.81 (95% CI ¼ 0.55-0.94; Table 3 ). Although less likely than the constant survival model, the survival by group model estimated annual survival for controls as 0.85 (95% CI ¼ 0.41-0.98) and for lightly hooked as 0.78 (95% CI ¼ 0.42-0.94; Table 3 ).
DISCUSSION
Our annual survival rate estimate of 0.81 (95% CI ¼ 0.55-0.94) is a biologically reasonable estimate and is close to the point estimates for each group in the second-ranked model, regardless of whether they were control or lightly hooked turtles. Although we found no difference between control and lightly hooked turtles with these data, it may be possible that a larger sample size would reduce the confidence intervals of estimates and allow differentiation between control and lightly hooked turtles. Our finding of no difference in time at the surface between the groups is consistent with what was observed by Swimmer et al. (2006) for olive ridley turtles in the eastern tropical Pacific Ocean. We did not intend to estimate the mortality associated with a specific injury. Rather, we wanted to determine if there were differences in annual survival between injury classes. This is an important distinction as, unless the postinteraction mortality occurs immediately after the injury, fishery-induced mortality and natural mortality are confounded. In addition, it is possible that injured turtles have an increased susceptibility to predation that would further blur the distinction between fishery induced and natural mortality. Also, control turtles may subsequently interact with the fishery. Thus, the estimates that we compare are estimates of total annual mortality.
Unfortunately, we were unable to estimate survival for the entangled-only and swallowed-hook treatments. However, we assume entangled turtles that are released with all gear removed would have a survival probability of 0.81. An Table 1 . Pop-up archival transmitting tags (PAT) deployments for lightly hooked (with hook location noted) loggerhead turtles and for control animals that were dip-netted from the surface in the north-central Atlantic, 2001 Atlantic, -2003 entangled but not hooked loggerhead is an uncommon interaction (4%) in the United States pelagic longline fishery (Watson et al. 2005) . Our initial assessment of the group that swallowed the hooks suggests that survival rates may be lower than for the control and lightly hooked turtles, but sample size is much too small to produce estimates in which we have confidence. The PAT tags on the swallowed-hook turtles had an unusually high rate of failure to transmit. The cause may have been equipment failure; all the PATs we deployed on this group were Version 2, which has been reported to have a higher rate of failure to transmit than subsequent versions (Epperly et al., in press a). However, the failure rate of this group (6 of 10 did not transmit) is much higher than realized for the lightly hooked turtles (1 of 12 Version 2 tags failed to transmit) released the same year in the same area. We surmise that turtles that had swallowed the hook may have been at greater risk of predation and that the PAT tags were likely damaged during predation events. Riewald et al. (2005) found that turtles that swallowed the hooks did not swim strongly or utilize the water column to the extent utilized by dip-netted turtles, that they moved linearly with the currents (dip-netted turtles moved nonlinearly), and that these behavior differences spanned months postdeployment. Thus, turtles that swallowed the hook may be more vulnerable to predation while recuperating from the interaction or while dying. Chaloupka et al. (2004) found that the time-specific mortality rate (e.g., time to transmitter failure) was much higher for turtles that swallowed a hook than that of lightly hooked turtles during the early part of the deployment (90 d) but were unable to determine if this was due to transmitter malfunctions, attachment failure, or early postrelease mortality. The survival rate of turtles that swallow the hook is an area of ongoing research but may prove to be problematic. If turtles that swallow hooks are more susceptible to predation resulting in tag damage and failure to transmit, we would not have the data necessary to estimate survival. Estimates based on the limited data received would be biased and overestimate annual survival for this group. Alternatively, if we assume all the failures to transmit are due to mortality, survival may be an underestimate as equipment failure is also a possibility.
The only estimate for pelagic survival comparable to the one we have calculated is that of Bjorndal et al. (2003) . In that study, a catch-curve analysis of dip-netted loggerheads (our controls) was used to estimate annual survival. The turtles in our study correspond with the 6-12-year-old turtles of Bjorndal et al. (2003) , which they estimated had an annual survival rate of 0.643. Whereas Bjorndal et al. (2003) employed a well-known fishery harvest technique to estimate survival, our estimate may be more robust as it was derived from the remotely sensed data of individual fates via satellite transmission. However, their estimate is likely biased low, as variation in annual cohort sizes recruiting into the pelagic foraging population and emigration from the population were not considered. We have provided an empirical estimate of survival for pelagic oceanic loggerheads .43 cm which can be used in population modeling efforts and ultimately influence management decisions. The potential reduction in annual survival for turtles subjected to fishery interaction has been of concern to managers and the conservation community, but our data suggest that light hooking in the pelagic longline fishery may not result in a reduction in annual survival relative to controls.
Although these results indicate there is no detectable reduction, our sample sizes were small and research should continue to increase the precision of estimates and conclusively address the question for all injury classes, particularly for those turtles that have swallowed a hook. Ideally, a study of 2 years would have a sample size of 40-50 turtles in each injury class in each year with PAT tags deployed in the same season and location, but this may not be feasible given the prohibitive costs and logistic difficulties. In the absence of such a study, gradual building of sample size with the assumption there are no differences among years, as here and in Chaloupka et al. (2004) , may be the only viable alternative.
MANAGEMENT IMPLICATIONS
Our results provide additional insight into the potential impacts of longline fishery interactions on loggerhead sea turtles and suggest that it may not be possible to distinguish survival rate differences between fishery-independent and lightly hooked turtles. The impact of light hooking can be quantified when assessing potential impacts of longline fisheries on loggerhead survival while the effect of other injury categories are not quantified at this time. Similar studies need to be completed to determine the survival rates of other categories of interactions, especially of animals that swallowed the hook.
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